Two experiments were conducted to determine the effects of standardized ileal digestible (SID) Trp:Lys in grow-finish swine diets containing 30% dried distillers grains with solubles (DDGS). Within each experiment, crystalline Lys and Trp replaced soybean meal to alter the dietary SID Trp:Lys concentration but maintain minimum ratios of other AA to Lys. In Exp. The results indicated that the optimal SID Trp:Lys was 16.5% from 36.3 to 72.6 kg but at least 19.5% from 72.6 to 120.2 kg in corn-soybean meal diets containing 30% DDGS.
INTRODUCTION
Increased ethanol production from corn in the United States has prompted increased use of biofuel by-products such as dried distillers grains with solubles (DDGS; Stein and Shurson, 2009 ) in swine diets. Determining the proper nutritional value and optimum use of this alternative feedstuff is critical to maintain performance. Because Trp is low in concentration in corn byproducts, the inclusion of dietary DDGS in a corn-based Effects of standardized ileal digestible tryptophan:lysine in diets containing 30% dried distillers grains with solubles on finishing pig performance and carcass traits 1,2 cereal grain diet generally causes it to become the second limiting AA (Stein, 2007) . To date, the majority of research conducted regarding Trp has used corn-soybean meal diets, with very little published research regarding Trp:Lys in diets containing DDGS. The optimal Trp:Lys level in diets has not been consistent in published literature. Using Trp and Lys requirements in the NRC (1998), the standardized ileal digestible (SID) Trp:Lys calculates to be 18 to 19% for growing-finishing pigs. Susenbeth (2006) and Quant et al. (2007) reported growing pig (approximately 25 to 50 kg BW) diets required a Trp:Lys of 17%. Additionally, Kendall et al. (2007) found the SID Trp:Lys requirement is no greater than 17% in late finishing (90 to 125 kg) diets. Hinson et al. (2010) reported that 16% Trp:Lys was adequate for diets with 30% DDGS (27 to 117 kg pigs). Therefore, an improved understanding of the optimum Trp:Lys becomes increasingly important as DDGS and crystalline AA inclusion in commercial diets continues to increase. Therefore, the objective of these experiments was to determine the effects of increasing SID Trp:Lys in grow-finish pig diets containing 30% DDGS.
MATERIALS AND METHODS
The Kansas State University Institutional Animal Care and Use Committee approved the protocol used in these experiments.
Two experiments were conducted to evaluate the effects of increasing SID Trp:Lys in growing-finishing pig (Line 1050 × 337; PIC, Hendersonville, TN) diets on growth performance and carcass characteristics. Both experiments were conducted in a commercial research-finishing facility in southwestern Minnesota. The buildings were naturally ventilated and double curtain sided. Pens had completely slatted flooring and deep pits for manure storage. Each pen (5.5 by 3.0 m) was equipped with a 5-hole stainless steel dry self-feeder (STACO, Inc., Schaefferstown, PA) and a cup waterer for ad libitum access to feed and water. Daily feed additions to each pen were accomplished through a robotic feeding system (FEEDPro; Feedlogic Corp., Willmar, MN) capable of providing and measuring the amount of feed for individual pens. Before the start of each trial, pigs were fed a common corn-soybean meal-based grower diet that contained 30% DDGS and met or exceeded NRC (1998) nutrient estimates.
Experiment 1
A total of 638 pigs (36.3 kg initial BW) were used in a 105-d growing-finishing study to evaluate the effects of SID Trp:Lys in diets containing 30% DDGS on growth performance and carcass traits. Pigs were sorted by sex (barrow or gilt) and stocked initially with 26 to 27 pigs per pen. Pens of pigs were randomly allotted to 1 of 4 treatment groups with average pig weight per pen balanced across treatments with 6 pens per treatment (3 pens of gilts and 3 pens of barrows). All diets were fed in meal form and treatments were fed in 4 phases (Phase 1 = 36 to 54 kg, Phase 2 = 54 to 73 kg, Phase 3 = 73 to 91 kg, and Phase 4 = 91 to 109 kg). Dietary treatments included corn-soybean mealbased diets containing 30% DDGS with soybean meal replacing crystalline Lys and Thr to achieve SID Trp:Lys of 14.0, 15.0, 16.5, and 18.0%. In addition, Trp:large neutral AA (LNAA) and Trp:branched chain AA (BCAA) were calculated for each treatment by phase (Tables 1 and 2 ). All AA were formulated to levels at or above their estimates to ensure Trp was first limiting AA. All dietary treatments were formulated to contain similar dietary ME and SID Lys concentrations within each phase. Additionally, l-Thr was added to the 2 diets with lowest Trp:Lys.
Diet samples were collected from feeders during every phase. After transported to Kansas State University, diet samples were stored in a freezer (-20°C) until a subsample of phase 1 and 2 diets were sent for analysis for AA concentrations. Complete AA and CP analyses were performed by a commercial company (Ajinimoto Heartland LLC, Chicago, IL).
Pens of pigs were weighed and feed disappearance was measured on d 0, 21, 42, 63, 76, 95 , and 105 to calculate ADG, ADFI, and G:F. Feed intake and G:F were determined from feed delivery data generated through the automated feeding system and the amount of feed remaining in the feeder of each pen on every weigh day.
On d 76, the 3 heaviest pigs from each pen (determined visually) were weighed and sold in accordance with the normal marketing procedure of the farm. At the end of the experiment, pigs were individually tattooed according to sex and pen number to allow for carcass data collection and data retrieval by pen.
On d 105, pigs were transported (approximately 290.5 km) to the processing plant (JBS Swift and Company, Worthington, MN) for data collection. Standard carcass criteria of percent yield, HCW, backfat depth, and loin depth were collected. Hot carcass weights were measured immediately after evisceration, and yield was calculated as HCW divided by BW. Fat depth and loin depth were measured with an optical probe inserted between the third and fourth rib from the last rib (counting from the posterior end of the carcass) and 7 cm from the dorsal midline of the hot carcass. Fat-free lean index (FFLI) was calculated using National Pork Producers Council (2000) guidelines for carcasses measured with the Fat-O-Meater.
Experiment 2
A total of 1,214 pigs (66.3 kg initial BW) were used in a 73-d finishing trial. Pens were mixed gender and stocked initially with 25 to 28 pigs per pen, maintaining approximately an equal number of barrows and gilts within pens. Pens of pigs were balanced by average BW and randomly allotted to 1 of 5 treatment groups with 9 pens per treatment. All diets were fed in meal form. Pigs were fed common diets from approximately 36 to 68 kg BW. These diets were formulated to contain 30% DDGS with a SID Trp:Lys of 18%. Dietary treatments were fed in 3 phases (Phase 1 = 66 to 91 kg, Phase 2 = 91 to 109 kg, and Phase 3 = 109 to 127 kg) and included corn-soybean meal-based diets with SID Trp:Lys of 15.0, 16.5, 18.0, and 19.5% and the 15.0% diet with added l-Trp to achieve 18.0% SID Trp:Lys. In addition, Trp:LNAA and Trp:BCAA were calculated by phase (Tables 3 and 4 ). All dietary treatments were formulated to contain similar dietary ME and SID Lys concentrations within each phase. Similar to the first experiment, all AA were formulated at or above their estimates to ensure Trp was the first limiting AA. The last diet of 15.0% Trp:Lys with the addition of l-Trp to increase the Trp level to 18.0% was formulated to validate that Trp was the first limiting AA. Ractopamine HCl (Paylean; Elanco Animal Health, Greenfield, IN) was added in phase 3 diets. Hence, increased SID Lys levels were used in the last dietary phase. Diet samples were collected and analyzed as described in Exp. 1.
Pens of pigs were weighed and feed disappearance was measured on d 0, 20, 33, 47, 62, and 73 to determine ADG, ADFI, and G:F. Feed intake and G:F were deter- mined from the feed delivery data generated through the automated feeding system and the amount of feed remaining in the feeder of each pen on each weigh date. On d 47 of the experiment, the 3 heaviest pigs from each pen (2 barrows and 1 gilt, determined visually) were weighed and sold in accordance with the normal marketing procedure of the farm. At the end of the experiment, pigs were individually tattooed according to pen number to allow for carcass data collection and data retrieval by pen.
On d 73, pigs were transported (approximately 290 km) to the processing plant (JBS Swift and Company, Worthington, MN). Standard carcass criteria of percentage carcass yield, HCW, backfat depth, and loin depth with FFLI were calculated. Hot carcass weights were measured immediately after evisceration, and yield was calculated as HCW divided by BW at both the farm and the plant. Carcass trait measurements were collected as in Exp. 1.
Statistical Analysis
In both Exp. 1 and Exp. 2, data were analyzed as a completely randomized design with pen as the experimental unit. Analysis of variance was performed using the MIXED procedure (SAS Inst. Inc., Cary, NC). In both experiments, HCW was used as a covariate for backfat depth, loin depth, and FFLI because HCW values differed. In Exp. 1, the effects of sex and sex × treatment interactions were tested, with the only a significant interaction for ADG found. Linear and quadratic contrasts were used to determine the effects of treatments with increasing Trp:Lys. Contrast coefficients for Trp:Lys (14.0, 15.0, 16.5, and 18.0%) were determined for unequally spaced treatments by using the IML procedure of SAS. In Exp. 2, contrast coefficients were used to evaluate linear and quadratic responses to Trp:Lys (15.0, 16.5, 18.0, and 19.5%) and to compare the 2 diets containing 18.0 Trp. Results were considered significant at P ≤ 0.05 and considered a trend at P ≤ 0.10.
RESULTS

Chemical Analysis
Diet analysis verified that levels of free Lys and Thr and CP were similar to dietary formulated values for Exp.1 and Exp. 2. In both of the current experiments, AA values for corn and soybean meal were obtained from NRC (1998), with AA values reported by Stein (2007) used for DDGS because DDGS from our source had been thoroughly tested and found to be similar in nutrient profile.
Experiment 1
Sex differences in growth performance were as expected, with barrows having greater overall ADG and ADFI than gilts (Table 5) . Although sex × treatment interactive means are not shown, both barrows and gilts had improved ADG as SID Trp:Lys increased. However, the magnitude of the response was slightly greater for gilts than barrows (sex × treatment; P < 0.05). Gilt carcasses 1 Common diets were fed from 36 to 66 kg, and Phase 1 diets were fed from 66 to 91 kg. LNAA = large neutral AA; BCAA = branched chain AA.
2 DDGS = dried distillers grains with solubles (Vera-Sun, Aurora, SD). 4 Biolys (Evonik Degussa GmbH, Hanau, Germany) contained 50.7% l-Lys.
had lower (P < 0.001) backfat depth and greater (P < 0.001) FFLI than barrow carcasses. From d 0 to 42, ADG (linear and quadratic; P < 0.001 and P = 0.05, respectively) and ADFI increased (linear and quadratic; P = 0.003 and P = 0.07, respectively), with no changes in G:F as Trp:Lys increased. From d 42 to 105, increasing SID Trp:Lys increased (linear; P < 0.001) ADG and ADFI. Unlike data from d 0 to 42, where the response plateaued at 16.5% Trp:Lys, the response was linear through the greatest SID Trp:Lys of 18.0%. Increasing SID Trp:Lys caused a tendency toward a quadratic effect in G:F (P = 0.10), with pigs fed 15.0 and 16.5% having worse G:F than pigs fed either 14.0 or 18.0%.
Overall (d 0 to 105), increasing SID Trp:Lys increased (linear; P < 0.001) final BW, ADG, and ADFI, but G:F was not influenced. For carcass characteristics, pigs fed increasing SID Trp:Lys had heavier (linear; P < 0.001) HCW with no effects on other carcass measurements. 1 Phase 2 diets were fed from 91 to 109 kg; Phase 3 diets were fed from 109 to 127 kg. LNAA = large neutral AA; BCAA = branched chain AA.
2 DDGS = dried distillers grains with solubles (Vera-Sun, Aurora, SD).
3 Provided per kilogram of diet: 4,058 IU vitamin A, 631 IU vitamin D3, 21.6 IU vitamin E, 1.26 mg vitamin K, 10.8 mg pantothenic acid, 16.2 mg niacin, 2.7 mg vitamin B2, 13.5 μg vitamin B12, 36.1 mg Mn from manganese oxide, 81.2 mg Fe from iron sulfate, 90.2 mg Zn from zinc oxide, 9.0 mg Cu from copper sulfate, 0.45 mg I from ethylenediamin dihydroiodide, and 0.27 mg Se from sodium selenite.
4 Biolys (Evonik Degussa GmbH, Hanau, Germany) contained 50.7% l-Lys.
Experiment 2
Overall (d 0 to 73), ADG, ADFI, G:F, and final BW improved (linear; P < 0.03) as dietary SID Trp:Lys increased through 19.5% (Table 6 ). No differences were observed in growth performance between pigs fed the 2 diets with 18.0% SID Trp:Lys regardless of whether the ratio was obtained by adding soybean meal or l-Trp. For carcass traits, increasing SID Trp:Lys resulted in increased HCW (linear; P = 0.01) and a tendency for a quadratic effect on backfat depth (P = 0.09) and FFLI (P = 0.09), with pigs fed diets containing 16.5 and 18.0% SID Trp:Lys having increased FFLI and lower backfat depth compared with pigs fed 15.0 and 19.5% SID Trp:Lys. Additionally, a tendency was observed for pigs fed the diet containing crystalline Trp to have increased (P = 0.08) backfat depth and decreased FFLI (P = 0.10) compared with pigs fed the same SID Trp:Lys ratio without crystalline Trp.
DISCUSSION
Tryptophan plays a key role in several biological pathways that lead to a variety of end products. In addition to protein synthesis, Trp is closely associated with the kynurenine pathway, which is responsible for a large portion of Trp catabolism as well as regulation of immune responses (Sainio et al., 1996) . Furthermore, a smaller proportion of the Trp supply serves as a precursor for serotonin, an important neuromediator associated with the regulation of a variety of biological responses such as appetite, sleep, and stress (Wolf, 1974; Sève, 1999; Kerr et al., 2002) .
Serotonin cannot cross the blood-brain barrier, so its precursors, Trp or 5-hydroxytryptamine (5-HT), must be transported across the barrier to increase the serotonin levels in the brain. Tryptophan and other LNAA (Ile, Leu, Phe, Tyr, and Val) must use the same nonspecific L-type AA transport system to cross the blood-brain barrier; therefore, excess amounts of LNAA compete with Trp for transport across the barrier and ultimately decrease hypothalamic serotonin concentrations (Henry et al., 1992; Kerr et al., 2002; LeFlocʼh and Sève, 2007) . The Trp:Lys in both diets and blood plasma are important for the transport of Trp across the blood-brain barrier, and an increase in this ratio should indicate increased Trp crossing into the brain (Henry et al., 1992; Sève, 1999; Kerr et al., 2002) .
Diet composition can directly affect plasma AA concentrations and thus Trp transport across the blood-brain barrier. Generally, consumption of carbohydrate-rich diets may indirectly increase plasma Trp concentrations because of an accompanying release of insulin by the body. Insulin stimulates uptake of LNAA by the peripheral tis- Including high levels of dietary DDGS in the current studies provided approximately 3 times the crude fat, protein, and fiber as corn, with a similar energy value. The high CP of DDGS compared with corn incorporates more LNAA into the diet. Consumption of high dietary levels of DDGS can decrease the Trp:LNAA, once again lowering the Trp availability to the brain as a result of the increased competition with LNAA to cross the blood-brain barrier (Lyons and Truswell, 1988; Kerr et al., 2002) .
In addition to containing more LNAA, DDGS are also high in the indispensable AA of Met and Thr, which also have been demonstrated to have negative effects on Trp uptake by the brain (Sainio et al., 1996; Sève, 1999; Kerr et al., 2002) . The positive response to the increased Trp:Lys was primarily an increase in voluntary feed intake, with subsequent improvement in ADG, G:F, and final BW. Past research has also reported tryptophan to have an influence on feed intake (Russell et al., 1983; Sève et al., 1991; Batterham et al., 1994) . The compounded effects of high CP, Met, and Thr with a Trp-deficient diet may further decrease the plasma Trp:LNAA and consequently feed intake (Henry et al., 1992) . Decreased brain Trp concentrations ultimately result in lower concentrations of serotonin in the hypothalamus, and a common side effect from this condition is anorexia (Eder et al., 2003) . This would support our data where ADFI was decreased in both experiments as the Trp:Lys decreased in diets with 30% DDGS. Feed intake can be restored to normal levels by feeding a diet adequate in Trp, which is supported by our data.
Much research has attempted to define the optimal Trp:Lys level in corn-soybean meal diets. Lorschy and Patience (1999; 45 to 75 kg BW) and Jansman and Van Diepen (2005; 9 to 24 kg BW) reported optimum Trp:Lys of 19 and 23.1% SID Trp:Lys, respectively. Both of these requirements were above the calculated SID Trp:Lys of 18% by the NRC (1998) and the optimum Trp:Lys of 17% reported by Susenbeth (2006) and Quant et al. (2009) for finishing pigs. Additionally, Kendall et al. (2007) reported that the optimum SID Trp:Lys was no less than 14.5% but not greater than 17.0%, in late finishing (90 to 125 kg) diets. The gender differences measured in Exp.1 agree with Henry et al. (1992) in that gilts had a greater response in ADG to increased dietary Trp in high-protein diets compared with barrows.
Very limited research is available on the optimum Trp:Lys for growing-finishing pigs fed DDGS. Ma et al. (2010) conducted 3 experiments with finishing pigs fed SID Lys levels (0.95, 0.81, and 0.73%, respectively) with increasing levels of high-protein DDGS (0 to 23.7%) used to titrate 6 different treatments that increased the SID Trp:Lys levels. They indicated that the optimum SID Trp levels were 0.14, 0.11, and 0.11% for pigs fed diets containing high level of high-protein DDGS from 45 to 64, 70 to 93, and 95 to 115 kg. Hinson et al. (2010) also conducted 3 experiments to determine the optimum SID Trp:Lys in 27 to 45, 67 to 85, and 96 to 117 kg pigs consuming 30% DDGS; however, they increased crystalline l-Trp to increase the dietary SID Trp:Lys. They concluded from their data that 16% Trp:Lys was adequate in finishing pig diets containing 30% DDGS. Data from our first trial agrees with Hinson et al. (2010) in that Trp:Lys of approximately 16 to 16.5% was sufficient in growing pig diets, 4 Percentage yield was calculated by dividing HCW by BW at the packing plant obtained before harvest.
5 Data analyzed by using HCW value as a covariate.
